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Measurements  performed at NBS Boulder  Laboratories 
on the  short  term and  long term  frequency stability of crystal 
controlled  oscillators and quartz  resonators,  temperature 
stabilized by cryogenic  fluid, are  described. Included a r e  
some  details  on  the  cryogenic  temperature  ovens  used,  some 
of the troubles  encountered with them, as well as their long 
term and short  term  performance  characteristics.  Effects 
of vibration,  filling  the  cryogenic  ovens,  temperature  inversion 
occurring in  the  liquid,  and ambient  temperature  changes on the 
resonators and oscillators are discussed.  Some  information on 
the frequency  measuring  systems  will  also be given. 
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Besearch a t  NBS Boulder Laboratories on 
Quartz Crystal Resonators and Oscillators at Low Temperatures 

F. P. Phelps and A. H. Morgan 

Last  year a t  this symposium it was reported that i n  view of the  increas- 

ing need f o r  higher  precision i n  the  available frequency standards, arid i n  

measurement techniques and equipent,  since  these go hand in hand with 

Standards, work with this end in view was under way a t   t he  Boulder Laboratories 

of the Bureau of Standards along several  different avenues of approach, includ- 

ing developent of atomic and molecular frequency standards  as w e l l  as improve+ 

ment i n  the performance of Q ~ a r t z  Crystals. T h i s  work has been continued and 

in addition a commercial atomic  frequency standard (ttAtamichronlf) has been 

purchased and put into  service along with  the group of quartz resonators and 

oscil lators which heretofore have comprised the  frequency  standard. 

A t  this point, although it has m direct  reference t o  the  subject of the 

present  talk, may I jus t  mention, for  the  benefit of some who may not know 

about it, that the Boulder Laboratory is  now operating a cw experimental 

standard frequency  broadcast on bo kc . The frequency transmitted is accurate 

t o  1 lo8 a d  i s  stable about 2 parts in d o .  1% is  believed t o  

be usable for  specialized mea8urements,  anywhere i n  the country, t o  a precision 

Of 1 part ill lo9. The bureau will appreciate any reports concerning it. 

As t o   m e w  for comparing frequencies with the standard, studies have  been 

made along several  different  lines of approach, m o s t  of which have been outlined 

in our progress  reports, O f  these only two will be discussed upon here. The 

first is  shown i n  block diagram i n  Slide 0, upper part o It parallels 

quite d o s e l y  the system used for monitoring the BUreauls Standard Frequency 

Broadcasts station M. 
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The signal. under t e s t  is fed  into one channel of an NBS type dual channel 

rmiltifiier W e  a standard frequency is fed into  the  other. Both are multi- 

plied t o  100 m c I  fed t o  a mixer stage and the output difference frequency 

amplified, f i l t e red  and fed t o  an electronic counter. The multiplier 

accept inputs of 100 kc, 1 mc, and 10 mc. When dealing with a 5 mc cry8tal 

the  crystal frequency is doubled and fed  into  the 10 mc stage. Since the 

lloW resolution of the  counter is 1 cyd.e/sec a ten second count gives a 

precision  oflO.1 C/S. At 100 mc this bdl part in 109. We are now using 

a counter  with a 100 second count resulting i n  a precision o f d l  past in l$O. 

ELectr0ni.c counters  normally are equipped with an internal frequency  source 

t o  operate t h e  gate. However, this is  not sufficiently  stahle  for  the purpose 

i n  hand and in  every case we supply the  gate with a  frequency through a 

distribution amplifier from the NBS Primary Frequency Stanclad. T h i s  dual 

channel multiplier is a very narrow-band device and the  frequency t o  be meas-  

ured must not be off by more than a few cycles at most from the  center of t h e  

band. To obviate this difficulty a single channel multiplier has been designed 

and built very similar to the above a t i p l i e r  except that a l l  the stages  are 

tunable,  covering a range at each stage  equivalent to  about 5 0 0  kc a t  5 mc. 

This equipment has been i n  use for  quite 8ome time and is performing very 

satisfactorily. I may mention however that we have had much trouble with the  

electronic counter not stasing i n  adjustment, and many of our c r y s t d l  aging 

runs have  been interrupted because of this. The ambient in t h e  mm- where the 

counter is located ranges from aoc/and this appears t o  be just  too hot for this 

particular counter. A t  any rate  the  troubles appear t o  be  overcome by supply- 

ing more ventilation by adding an extra blower to   t he  counter. T h i s  system is  

qui te  sat isfactow where  measurement of Short-time s tab i l i ty  is not b P & a n t *  

However, in order t o   u t i l i z e  the fa precision afforded by atomic  frequency 

standards,  quartz  crystal  oscillators with better short-time s tabi l i t ies   are  

required. 164 
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It has been diff icul t  i n  the past t o  observe t h e  behavior of oscillators over 

very short-time intervals with any degree of precision. In  fact  very l i t t l e  

work has been  done on this problem, because it has only recently become of 

major significance. &st of the  research  to date has been  on the impmvment 

of the aging characteristics of quarts resonators  over  periods of days and 

months. 

However, both the long-term and the short-term s t ab i l i t y  of oscil lators 

is becoming  more important. In  some ways these  qualities appear t o  be in- 

compatible. For instance, some of our studies have indicated that rather 

high crystal current is  required t o  give good short-time s tabi l i ty   to   the 

oscillator, whereas for  best  long-term performance rather low crystal  current 

must eldst. T h i s  is reasonable i n  view of the fac t  that good short-term 

stabi l i ty  is dependent on a high signal-b-noise  ratio t o  achieve low phase 

j i t t e r ,  whereas low crystal  current permits better long-term oscil lator per- 

formance because of less dependence of frequency on the amplitude of OSci l la t iO~.  

As an aid in the study of precision  oscillators, a new frequency measur- 

ing instrument has been developed, under the  direction of the co-author, 

Mr. Morgan, w h i c h  has several advantages  not enjoyed by previous unit8. It is 

based on the  principle of precise  period measurement developed in 1947 by 

Law ( l ) ,  and others (2). A similar unit has been developed by the Bell Tele- 

phone Labs, also. It has some basic  limitations that make it unsuitable, in 

its present fom, for  general  use over a very wide range of frequencies, but 

for  special types of measurements, wherein only a very limited range of frequencies 

i s  used, it is unexcelled a t  present. 

The instrument u t i l i zes  a combination of two simple  techniques,  frequency 

multiplication  a&  precision period measurements, made possible by modern 

electronic  counters, 
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It may easily be explained by reference to  the block  diagram ( F i g .  1). A 

reference oscil lator (is) is adjusted 80 that the beat frequency obtained 

between it and the unit (fx) under study, af te r  frequsncg multiplication of 

both t o  10 mc, ia within the range of from one cycle  per second t o  lo00 

cycles per second; the  beat frequency chosen by the user will depend on the 

scrmeitivity desired and the time required for a single measurement. Uaing an 

electron%c counter, adjusted for  period measurements, t he  beat frequency ia 

then measured; and by using a digi ta l  to analog converter, the frequency 

measurements may be continuously recorded. 

(1) H.B. Law, nAn Instmuent f o r  Short-Period  Frequency Comparisons of Great 
Accuracy," J m, Par% 3, p. 38, Jan. 1947, 

(2) R, Trainer, "A Becording Precision Frequency Comparator, It 
Research Lab. Report No. 4170, dated 31 Jan 1956, Research Labs, Ehg. Dir . ,  Postmaster Generd18 Dept., Melbourne, Australia. 

To indicate the wide range of sensitivities and m e a s u r i n g  times of this 

instrument, the  chart i n  Fig. 2 was devised. T h i s  chart is also useful, when 

making measurennents, for  determining the axact beat frequency (at 10 mc) f m m  

the count idicat ion,  and to  establish which readout column on the counter 

corresponds t o  a specified  precision, say 1 part in 109. 

Measuring sensit ivit ies shown on the chart beyond loDu have no practical 

significance since j i t t e r   o r  background noise of about this amount is present. 
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and an additional  stage of audio amplification and fi l tering, This system has 

performed very w e l l  and the data shown in Fig, 6 was taken with it. 

An improved model, as in  the block diagram shown in F i g .  7, was developed 

a f t e r  an exchange of ideas with the B d l  Talephone Laboratories.  In this unit, 

provision was made for  wing it with either 5 mc o r  10 mc inputs by including 

a frequency  doubler (5 t o  10 mc) as shown i n  F i g ,  8. A cathode follower 

circuit (F ig .  9) cascaded t o  this provides a low impedance drivirq source fo r  

the   c rys ta l   f i l t e r  i n  the   f i r s t  10 mc amp;LiPier, Fig, 10. T h i s  is  followed by 

a second 10 me amplifier stage, Fig. U, which feeds  the mixer shown in F i g .  12. 

In this system, all the   f i l ter ing is done a t  10 mc, i n  contrast  to  the first 

model where mst of it was  done a t  the audio  frequency  output. 

As mentioned above, some t e s t s  of three NBS oscillators, with their  crystals 

a t  about liquid  nitrogen temperature, were made with the first model o f '  this 

instrument, and measurements are  plotted i n  F i g  . 6. The one second and ten 

second s tab i l i t i es  of these  oscillators are as shown in the graphs. 

A few  sample  measurspnents  on the short-time s tab i l i ty  of one NBS oscillator, 

not at li- nitrogen temperature, is given to   i l l u s t r a t e   t he  use of the new 

instrument and the frequency s tab i l i ty  Over various time intervals. Fig. 13 

is the  100-second s tab i l i ty  of  one NBS oscil lator versus an atomic  frequency 

oscillator. The following three  recordings  taken subsequently used the same 

beat frequency,  but  with a measuring time of 10, 1 and 0,l sec ., respectively. 

Thus, Fig. l& i s  the 10-second stability, F i g .  15, the one-second s tab i l i ty  and 

F i g .  16 the 0,l-second s tab i l i ty  of t h i s  oscillator  versus an atomic  standards. 

As mentioned before, the measuring times are  determined by the number of periods 

of the beat frequency tha t  are measured. In  the above, 10 seconds was achieved 

by measurhg 100 periods of the 10 C / .  beat, 1 second by 10 periods and 0.1 

second by  one period, 
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A study of these recordings indicate  the following: 100 second short- 

time s tab i l i ty  was about&/2 part i n  lolo; the 10 second about t h e  same; 

but, the 1 second short-time s tab i l i ty  was aboutif1 part in Id.', and the 

0.1 second stabi l i ty  was approximately_fi, parts i n  14'. Further  studs of 

this type, includhg  the causes of the very short-time instabil i t ies,  is 

being planned. Some theories have been  advanced but  are not complete enough 

yet t o  include here. 

One or  the  other of these two systems have been used for  crystal  measure -  

ments given below, 

Aging of Crystal No. 8 

Fig. l7 shows aging ra te  of a 100 kc GT crystal  located i n  a 50 f t .  well. 

After four years  the temperature of the well is still rising at somewhat  less 

than a millidegree per day or  about 1 / j o C  per year. The temperature is a b u t  

It may be that  the aging has reached a point where the frequency change 

due t o  this cause is just  equal t o  but opposite in sign t o  that produced by 

the kemperature r i s e  of one millidegree per day. 

Aging of C% 1, 3 and 8 and 1-2 at N2 temperature 

F i g .  18 shows the frequency versus  time curves for crystals at l iquid  

nitrogen temperature.  Within the  limits of e r m r  we cannot for  certain say 

that there has been any change  due t o  aging. The l i ne  marked NBS Standard 

shows the drift of one of the  best of the NBS Group of Standard crystals, 

Certainly any aging of CZM-8 a t  N2 temperature is  less than this. The d r i f t  

here was about 1 in 10 in  a l i t t l e  over 100 &po 9 



The sloping l ine shows how t h e  curve would have gone i f  there had been a drift 

of 1 part in lo9 per day. Fig. 19 shows a comparison of crystal  1-2 VS. NBS 

Standard R-l. The sensi t ivi ty  in charts a, b and the  first part of c is 1 

part i n  lo8 fo r  full scale. Chart b i s  continuation of a and d is continu- 

ation of c. C and d comprise a four-day section from an aging test run. 
Chart c shows the drift mer opening and refilling the  cryostat with N2 

during which time the pressure was reduced from 1270 mm t o  625 mm, causing 

large temperature changes. After the first twelvbhour  break on t h e  chart  the 

sensi t ivi ty  was reduced one order so that full scale is now 1 i n  lo7 and the  

smallest  division is 2 in 109. 



temperature of the turnover point was that of liquid nitrogen at 680 IBPL 

pressure. It will be seen that t h e  frequmnqr pry chaage by as much as 1 part 

in lo7 oven at the low drive lael used. Very precire regdlatien of drive 

lev& is indicated i f  a high order of frquency stability io  to be attained. 

Shock - 
The ery8tSl unit. appear te be rsq semitire t o  mechanical shock as 

evidenced by d d e n  jumps in frequency maotiaea aaounting t o  raeral parts in 

lo9. mea the n m d l  ahock inciderrt to fffl$ng the crpstat  with liquid nitrogen 

apparently muses changes of this order of magnitude. It is m w  suspoetad that 

the e w e r  are due to 6Light change in position af the crystal is its copper 

case which is at ground potential, thus changing the capacity of the cryutal  ta 

groud. We w e  not had the to imestigate this theory fully but the clue lead- 

ing to it I s  the faat  that rhsn a CrJrStol uao put inte the  cryostat without i t 8  

copper s u d d  it definitely was g& &e& sensitive. 

There may be auw intereat fn the type of cryostat we are using. Slide 1% 

i 6  a photegraph of the ae8emU.y. Inaide the large bras8 cylinder i. a Q-glaos 

dewar t o  hold l l @ d  nitrogen. The orpetal is i t a  @se anonlope is  wntained 

in a aspper cylinder uhicb is immersed in the liqrpid llitrogen. Leada ars brought 

out threugh a trarrmaission line. The brass vessel iar clesed ga8 tight and the 

pressure i s  regulated a d  controlled by means of a canmrcial masostat which 

crentrolo over 1.w periods t o  about 1/2 l p ~ 1  of meraury. ~ h s  pressure is read on 

1. highI.7 precise gage wbluh reads abedute pressure. This censtituterr a rather 

accurate gas thermometer. Ale0 an alannel-chromd thermQcou@s is  in thermal 

contact with  the copper cyllnder and can be read tofo.1 microvolt on a type k-3 

potentinmster. 
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the temperature remains constant t o  0.01' unti l  the nitrogen hae t o  be replenished 

which is about erem five days. A t  present it has t o  be opened to the atmssphere 

while adding nitrogen which causer greater  or less temperature changer depending 

upan the eperating preoaure. Provision i s  being made t o  W e c t  tho liquid nit- 

gen under pre~sure t o  avoid thie intermptiola. 

Aring test8 a t  Liquid H d i u m  Temperature are shown i n  sl ide 20, Although 

the mearursl~ente en all the erystals in helium were made with a precirion of a part. lolo mps t  measurements ~pade =tay gave va~ues agree- 

to this degree ef precision, yet am can be reen, rpsssurenrants made at one o r  two 

day interprits show differences am@unting, sometimes, te  sweral parts in lo9. 

Whether there variafions a m  due t o  interfering pickup on the transmission lino 

between the crystal  and the meaauring equipeat er uhether they are due to she& 

ancl vibration in t h e  building has not yet been determined. The latter seema 

the more probable since crysta l8  at t h i s  low temperature 8eea to be highly 

msceptible ta mechanical shack. Similar variations a t  Bell 

have been noted and attributed to  a h ~ c k ( ~ ) .  

Until  these dum variations have been e l i t ed  it U 

Telephone Laboratories 

U. be diff icul t  te  

preperly assess the aging characteristicm. However, I think in the case of 

No. 19E we can say with certainty that it has aot aged -1.8 than 1 part in lo9 

i n  u1p38yhBt more than six months. 

(3) USASEL Contract DA 36-039 sc 73078 "An Ultra Precise Stamlard of Frequency, H 
Birth Interim Report, Page 9. 
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